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IMPINGEMENT CD?DRCE’IE’l?SIN 90° ELKNS WITH PUI’ENI’IALFLOW

By Paul T. Hacker, Rinaldo J. Brun, and Bemrose Boyd

summY

Trajectories were determined for droplets in air flowing through
90° elbows especially designed for two-dimensionalpotential motion with
low pressure losses. The elbows were established by selecting as walls
of each elbow two streamlines of the flow field produced by a complex
potential function that establishes a two-mnsional flow around a 90°
bend. An unlimited number of elbows with slightly Mfferent shapes can
be established by selecting different pairs of streamlines as WSJJS.
The elbows produced by the complex potential function selected are suit-

< able for use in aircraft air-intake ducts.

o
u The droplet impingement data derived from the trajectories are pre-

sented along with equations in such a manner that the collection effi-
ciency, the mea, the rate, and the distribution of droplet impingement
can be determined for any elbow defined by any pair of streamlineswith-
in a portion of the flow field established by the complex potential func-
tion. Coordinates for some typical streamlines of the flow field and
velocity components for several points along these streamlines are pre-
sented in tabular form.

INI’RODUCTION

As part of a comprehensive research program concerning the problem
of ice prevention on aircraft, an investigation of the impingement of
cloud droplets on airfoils, aerodynamic bodies, and other aircraft com-
ponents has been undertaken by the NAC!ALewis laboratory. The investi-
gation includes a study of cloud-droplet hpingement on low-drag airfoils
(refs. lto 3) andon cylinders (refs. 4 and 5). Previous investigators,
have calculated the water-droplet trajectories for cylinders (refs. 6 to
9) and for Joukowski airfoils (refs. 10 and Id.). For a complete a~rais-
al of the problem of ice prevention on atrcraft, further water-droplet
impingement data are needed for afrcraft components, including the curved
sections or elbows in air-intake ducts.
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ducts and scoops with stisequent reduction in
ah flow may adversely affect the operation of

the aircraft. For example, icing of the air-intake duct for the heat
exchanger of a hot-air de-icing system may cause the entire system to
fail.to protide protection to the aircraft. Cm’ved dwts may dso be
purposely eqloyed in some ap@ications to act as water-droplet inertia
separators to prevent large quantities of water from entering critical
components such as carburetors and turbojet engines. The use of a curved
duct as a water-droplet inertia separator in the air-intake duct for a
carburetor is discussed in reference I-2. *

*
co

In order to prevent or to remove ice formations in curved sections
N

of air-intake ducts or to establish the efficiency of a water-draplet
tiertia separator, the distribution, the rate, and the extent of droplet
hpin.gement must be determined. To obtaiu these water-droplet impinge-
ment data for an airfoil or any other aircraft component such as an el-
bow, the droplet trajectories with respect to the object must be deter-
mined. The droplet trajectories depend upon, among other things, the
air-flow field for the component. The flow field for cloud-droplet
trajectory studies may be established by one of several methods, such as
potentisl theory or the vortex substitutionmethod, the latter of which
makes use of tid-tunnel pressure measurements on the surface of the
object. The differential equations that determine the trajectory of a
droplet in a curved air stream are highly nonlinear and are most conven-
iently solved by the use of an analog computer. Because the solution of
three-dimensional differential equations by a differential analyzer re-
quires considerably more mach3ne capacity than the same problem in two
dimensions, most trajectory studies have been confined to two-dimensional
air flows.

The air flow through conventional elbows (constant cross-sectional
.

area) cannot be established by Totential theory, and, furthermore, the
flow is usually three-dimensional. Therefore, it is difficult to caJ.cu-
I&e droplet trajectories for conventional elbows. Elbows may be de-
signed, however, for which the flow field is determined by two-
dimensional potential theory (ref. 13). For these elbows the pressure
losses are usually less than those for conventional elbows of comparable
size and shape. (Experimentallydetermined pressure losses presented in
ref. 14 for the basic elbow of this report are about one-third of those
for a conventional elbow of comparable size.)

The water-droplet impingement studies presented in this report are
for a 90° elbow designed so that the flow field can be obtained by poten-
tial.theory. The water-droplet impingement data as well as the elbow
and flow field are presented in dimensionless form in order that the re-
sults be applicable for a wide range of meteorolog~al and flight con-
ditions and sizes and shspes of elbows.
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Equations of Droplet Motion

As an airfoil or aircraft component moves through a cloud, the in-
terception of cloud droplets by the object is dependent on the physical
configuration of the component, the fl_f@& conditions, ~d the inertia
of the cloud droplets. In order to obtain the extent of impingement and
the rate of droplet impingement per unit area on the component, the
cloud-droplet trajectories with respect to the component must be deter-
mined. The differential equations that describe the droplet motion in
a two-dimensional flow field have been derived in reference 4 and are
presented herein in the following form:

and the Reynolds nuniber Re is obtained in terms of the free-stream
Reynolds number

2apau
ReO = _

v

so that

()Re 2
& = (q-vx)2+(~-vy)2

(1)

(2)

(3)

(4)

(All syibols are defined in appendix A.)

The differential equations (1) state that the motion of a droplet
is governedby the droplet momentum and the drag forces imposed on the
droplet by the relative motion between the droplet and the air moving

K along the streamlines through the elbow. The droplet momentum tends to
keep the droplet moving in a straight path, while the drag forces tend
to force the droplet to follow the Stre@~e. For very small.droplets

.
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and low speeds, the drag forces are Wch greater than the inertia forces)
and little departure from the streamlines occurs; whereas, for large ;
droplets and high speeds, the inertia forces tend to overcome the drag
forces, and the droplets deviate considerably from the streamlines and

,

foXlow a path more nearly in the tiection established by the free-
stresm velocity. In accordance with equations (1) and the definition of
the psrameter K in equation (2), for a given size and configuration of
elbow, the trajectories depend on the radius of the droplets, the air-
speed, the ati density) and the ah viscosity as ffist-order V~iablesO
The trajectories also depend on the size and geometric configuration of
the elbow, since these determine the magnitude of the component veloc-
ities, ~ and Uy, of the air everywhere in the flow field inside the
elbow.

Criteria for Elbow

The air-flow field and the component air velocities for the elbow
studied in this report were not determined for a given elbow, but were
determinedly establishing from potential theory a two-dimensional flow
field that makes a 90° turn. Two of the streamlines were selected as
walls of an elbow. Several complex potential functions exist that
establish the flow around a corner; but, for various reasons, not all
these functions are suitable for the design of an elbow. In order to
simplify the problem and to produce an elbow that would approximate a
conventional elbow, the selection of a comPlex Potenti~ f~ction for
the design of a 90° elbow for this study was based upon the following
criteria:

(1) The air flow should be uniform and rectilinear at some point
before and after the bend, in order that the elbow maybe fitted to
straight ducts, or, M the elbow is used as a ram scoop with an inlet
velocity ratio eqyal to unity, the entrance flow conditions be provided
by the free-stream flow field.

(2) The flow field shouldbe symmetrical.with respect to the bisec-
tor of the angle of bend of the elb&.

(3) The resultant
exceed the velocity U

(4) No streamline
within the elbow.

velocity at any point inside the elbow should
where the flow is uniform and rectilinear.

should have singular points (O or @velocity)

Elbow Geometry and Flow Field

not

A complex potential function that establishes a flow field, a por-
tion of which nearly satisfies adl the criteria of the preceding para-
graph for a 90° elbow, is given in general form by
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~(i+l)~/z = ,(i+l)LD/2tl+ Ji-l)Uj21J
(5)

The use of this complex potential function for the design of elbows for
potential flow is discussed in references I-3and 14. B&ails are given
in ap~endix B for designing an elbow and determining its velocity field
and other physical characteristicsfrom eqyation (5) (required for this
droplet impingement study).

A portion of the streamline pattern givenby equation (5) is shown
in figure 1. The flow field between the two streamlines ~ = YcZU/8 and
3fizU/8(indicatedby heavy lines in fig. 1) exactly satisfies ti the
assumed criteria for a 90° elbow. The first condition is strictly ful-
filled only at infinity, because before and titer the deflection the
stream approaches uniform and rectilinear motion asymptotically. The
flow, however, approaches uniform and rectilinear motion very rapidly
before and after the bend. Therefore, the ends of the elbow maybe
selected at some reasonable distance before and after the bend without
serious error (see appendix B). For this droplet impingement study, the
ends of the elbow were selected as ~= 3YtZ/4 and q = -3YcZ/4(indicated
by dashed lines in fig. 1).

Since the flow field between the streamlines ~ = fiZU/8 and
3Yr2U/8 satisfies the assumed criteria; any pair of streamlines between
these two streamlines maybe selected as walls of a two-dimensional el-
bow. However, an elbow defined by these two streamline is probably the
most yractical elbow, because, for a given entrance width, the average
turning radius is smaller for this elbow than for any elbow definedby
a pair of streamlinesbetween the two. (See appendix B for definitions
of turning radilisand elbow entrance width and their relation to the
linear psmmeter Z of equation (5). The parameter 2 determines the
size of the elbow.) Therefore, for this droplet impingement study, the
elbow defined by ~ = fi2U/8 and 3fi2U/8 with ends at ~ = 31f2/4 and

? = -31cZ/4 is considered as the basic elbow; and all others, defined
by other streamlines,will be considered as supplementary elbows. The
droplet impingement calculations will be presented in such a manner,
however, that anypati of streamlines between the two basic ones maybe
chosen as walls of an elbow. The entrance width and average turning
radiw for the basic elbow are approximately equal to z1/4 and Et
(less than l-percent error), respectively (fig. 1 and appendix B), with
the center of turning located at
fig. 1).

~ = 33r2/4 and v = -3f12/4(point A,
The entrance width and turning radius for supplementary elbows

may be approximated by equations given in appendix B.

In order to calculate conveniently the droplet impingement data for
an elbow over a lsrge “rangeof meteorological and flight conditions as
we~ as elbow size, it is necesssry to express the elbow and its veloc-
ity field in terms of dimensionless parameters. This end is accomplished
by expressing all distances relative to the elbow as ratios to the linear
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psrameter Z, which is proportional to elbow size, and sJJ velocities
as ratios to the free-stream velocity U. The method of obtaining the
elbow and velocity field from equation (5) in terms of dimensionless
parameters is presented in appendix B. The basic elbow with some typical
air streamlines (supplementaryelbow walJs) is shown in figure 2 in terms
of dimensionless parameters x and y. The origin of the coordinate
system of figure 2 was translated as compared with figure 1 so that the
elbow is entirely in the first qxdrant. !l?histranslation was made in
order to facilitate droplet-trajectory calculations with the analog com-
puter. The relations between the coordinate systems of figures 1 and 2
are

Ex== + 1.2 1
L

and } (6)

y=~+2.4 J
which place the point of intersection of the streamline ~ = 3fi2U/8 and
the elbow entrance (fig. 2) at x = 0.02185 and y = 0.04~1.

The velocity field for the basic elbow is presented in figure 3 in
terms of dimensionless parameters. In figure 3(a), the x-component of
velocity ~ is given as a function of x for constant values of y,

and in figure 3(b), the y-component of velocity Uy is given as a func-

tion of y for constant values of x. The component velocities, UX

and Uy, sre Mmensionless and are equal to the ratio of the actual com-

ponent velocity to the free-stream velocity U.

An elbow designedby the use of equation (5) may have any entrance
cross-section configuration. The only conditions that must be satisfied
are (1) the streamlines that form the walls of the elbow at the entrance
must remain on the walls throughout the elbow) md (2) the stre@~es
that form the walls of the elbow are identical to or lie within those
defining the basic elbow (fig. 2). Some typical cross sections at vari-
ous locations through two elbows, one with a rectangular and the other
with a circulzrrentrance cross section are shown in figure 4 and dis-
cussed in appendix B. The locations of these cross sections are shown
in figure 2. The rectangular section is the most convenient elbow en-
trance cross section with respect to the construction and the applica-
tion of droplet trajectory data to determine the area, the rate, and the
distribtiion of water-droplet impingement. Therefore, the droplet im-
pingement data presented in R13SUITSAND DISCUSSION will apply directly
to elbows with rectangular entrance cross sections. However, the sane

droplet impingement data maybe used to find the area, the rate, and the
distribution of water-druplet hpingement for elbows with any entrance
cross section. A method for applying the results to nonrectangular en-
trance cross sections is outlined in appendix C.

.



NACA TN 2999 7

METHOD QF SOLUTION

--
The differential equations of motion of a droplet in a two-

dimensional flow field are clifficult to solve by ordinary means, because
the values of the component relative velocity between air and droplet,
required to solve equations (l), are functions of the droplet position
and velocity, and these sre not lmown until the trajectory is traced.
The total relative velocity at each position is slso reqyired in order
to determine the value of the local Reynolds number (eq. (4)). The value
of CD as a function of Re for the droplets, reqxlred in equations

(l), wastaken from tables inreference70 Simultaneously, solutions for
the two eqmtions were obtained with a mechanical analog constructed at
the Lewis laboratory for this purpose (ref. 4). The results were in the
form of plots of droplet tra~ectories with respect to the elbow.

The eqpations of motion (eq. (l)) were solved for the following six
values of the inertia parameter K: 1/6, 1/3, 4/7, 1, 2, and 4. For
each value of K, a series of trajectories was computed for each of fo~
values of free-stream Reynolds nuniber Reo: O, 32, 128, and 512. The

end of the elbow nearest the origin of figure 2 was chosen as the en-
trance. Trajectories were computed for the vsrious conibinationsof K
and ReO for droplets that entered the elbow at seversl positions across

the elbow.

Assumptions necesssry to the solution of the problem are:

(1) The droplets enter the elbow with the same velocity as the air
(fig. 3).

(2) The droplets are always spherical and do not change in size.

(3) No gravitational forces act on the droplets.

RXSULTS AND DISCUSSION

Method of Presenting Data

The impingement data presented in this section, which apply onlyto
elbows with rectangular entrance cross sections, are divided into two
categories: those for the basic elbow (definedby streamlines

* = 3fiZU/8 ~d f17U/8)andtlmse for any supplementary elbow defined by
any pair of streamlines between those for the basic elbow (such as
~ = 51-r2U/16and 3fi2U/16). A method is outlined in appendix C for ex-
tending these results to elbows of nonrectangular entrance cross sections.
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For convenience in presenting and discussing the impingement results,
the wall with the lsrgest value of ~ is designated as the outside
wald, and the other as the inside walJ-. Because of the physical config- .

uration of the elbow (flow field) and the direction of the droplet in-
ertia forces, droplet hpingement can occur only on the outside walIlof
the elbow. The area of impingement on the outside wall starts at the
entrance and extends in a downstream direction, the extent depending up-
on the values of K and ReO.

In presenting the data, use is made of the abscissa values of
streamlines and droplet trajectories at the elbow entrance. In order to
differentiatebetween abscissa values for streamlines and droplet tra-
jectories, the notation adopted herein involves the use of double sub-
scripts for the x-coordinate (illustrated in fig. 5). The first sub-
script of each pati indicates that the abscissa value refers to a
streamline V or to a droplet trajectory d. The second subscript re-
fers to a particular streamline or droplet trajectory; for example, o
refers to outside wall, and m refers to the nuzdmum initial value of
abscissa of droplets that hpinge in the elbow. The omission of the
second subscript indicates that the quantity is a variable. All symbols
having a prime superscript refer to the basic elbow, whereas unprimed
ones refer to supplementary elbows.

An analysis of the series of droplet trajectories computed for the
basic and supplementary elbows showed that all the important hformation
necessary to calculate the extent, the rate, and the distribution of
droplet impingement couldbe sumnarized in terms of

(1) Entrance width of elbow being considered

(2) Distance along outside wall S from entrance of elbow to point
at which droplet trajectory meets wall (some lines of constant
distances and some typical trajectories are shown in fig. 2
for basic e“lbowand intermediate streamlines; S is dimension-
less and has the same dimensionless scale as x)

(3) Abscissa value of droplet trajectories at elbow entrance (x~

for basic elbow)

(4) Values of dimensionless

Presentation of @ingement
parameters K and ReO is very

parameters K

data in terms

and Reo

of the dimensionless
convenient, but the physical signifi-

cance of these parameters is often oDscure unless use is made of theti
definitions (eqs. (2) and (3)). In order that these dimensionless param-
eters have some physic&1 significance in the following discussion, some
typical combinations of K and ReO are presented in table I in terms
of elbow size, droplet.size, free-stream velocity, air density, and air
viscosity.
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Basic Elbow

N
m
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The droplet trajectory information req@red to calculate the extent,
the rate, and the distribution of droplet impingement for the basic el-
bow iS SUIIEUT ized for vsrious conibinationsof K and ReO in figure 6.

This figure is a plot of the distance S’ along the outside waU of the
elbow from the entrance to the point of impingement of droplets that
enter the elbow at various values of x~. (The length of the outside

wdld.of the basic ellmw is 6.46 S units.) From the data presented in
this figure, the extent, the rate, and the distribution of water-droplet
impingement canbe determined. The data presented in figure 6(a) for
Reo = O (Stokes’ law) canbe considered as a limiting case, since they

apply to an ideal situation that cannot be attained in practice. The
curves for K = @ represent a limiting c!asein which the conditions sre
such that the droplet trajectories sre straight lines parallel to the
direction of the free-stresm velocity U.

Maximum extent of impingement S&. - The maximum extent of impinge-

ment for the basic elbow for a given conibinationof K and ReO is de-

termined from figure 6 by the msximqvalue of S for any value of XJ

within the walls of the elbow. For some ccnibinationsof K and Reo

such as K = 4/7 and .Reo= 128 (fig. 6(c)), impingement occurs through-

out the enttie length of the el.bowwith some droplets passing through
without impinging, as is illustrated in figure 5(a). For other conibina-
tions of K and ReO, such as K= 2 and ReO = 32 (fig. 6(b)), the

impingement of al.lthe droplets is confinedto aportion of the outside
wall, as is illustrated in figure 5(b). The maximum extent of impinge-
ment when K = 2 and Reo= 32 (fig. 6(b)) is 4.7 S units. The maximum

extent of impingement S& is presented in figure 7 as a function of the

reciprocal of K for four values of ReO and in table I for some typi-
cal values of K and Reo. The value of S& varies directly with ReO.
and inversely with K.

Droplet trajectories were computed beyoridthe exit of the elbow for
some coribinationsof K and ReO. These extended trajectories were com-
puted for a uniform rectilinear flow field with velocity U such as
would be present in a straight duct connected to the elbow. The trajec-
tories of the droplets before emerging at the exit of the elbow were al-
most parallel to the air streamlines at the exit (fig. 2), and upon
entering the uniform flow field of the straight duct the droplet trajec-
tories became so nesrly parallel to the streamlines and outside wall that
it was dMficult to determine the exact point of impingement. Although
there is some impingement in the straight duct, the amount of water

—._——.
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per unit srea is s*, as is ~scussed in a ~ter sectiono

impingement point in the straight duct was difficult to deter-
data on maximum extent of impingement -presentedin figures 6
terminated at the exit of the basic elbow (S’ = 6.46).

CoUection efficiency E’. - Collection efficiency of the elbow is
defined as the ratio of the amount of water impinging within the elbow
to the amount of water entering the elbow. If the assumption is made
that the water droplets sxe uniformly dispersed in the air entering the
elbow, then the collection efficiency can be expressed in terms of the
width of the elbow at the entrance x$,i - X&o and the difference in

abscissa values at the elbow entrance of the two droplet trajectories
that define the extent of impingement. The abscissa value of the tra-
jectory that defines the forwsrd boundaryof impingement (S’ = O), de-
fined as x&jo, has the same v~ue as the outside w~ of the elbow

+,0 (fig. 5). The abscissa value of the trajectory that defines the

resrwsrd extent of impingement, desi~ted as ~,m (fig. 5)) is deter-

mined from figure 6 at the maximum value of S’ for a given combination
of valws of K and Reo. The difference x~,m - x~,o is proportional

to the amount of water impinging on the elbow wall, and the width of the
elbow entrance %,i-~,o isproportiotito the totsl smount of water

in droplet form entering the elbow. Hence, the cold.ectionefficiency
E’ is given by

El = ‘A,m - %,0

‘;ji - %,0
(7)

F“rtheb=ic ‘lbwJ X$,i -q,o= 0.7918, and eqyation (7) becomes

E i . ‘$m7;l~)0 (8)
.

The value of 0.7918 for x’
*,i - ‘i,o

is the actual entrance width for

the basic elbow, whereas the approximate width as given by eqyations dis-
cussed in appendix B is Yr/4 or 0.7854. Values of ~,m - x~,o as a

function of K for four values of ReO are plotted in figure 8.

The collection efficiency of the basic elbow, obtained by equation
(8) and the data of figure 8, is presented in figure 9 as a function of
K for four values of ReO and in table I for some typical values of K

and ReO. For a given value of ReO, the collection efficiency increases 1

with increasing K until all.the droplets entering the elbow impinge
upon the outside wall. The value of K for which the collection effi-
ciency is unity increases with increasing values of Reo.
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Rate of water interception WA. - The total rate of water inter-

ception is defined for the elbow as the amount of water interceptedper
unit of ttie by a unit depth of elbow. Depth is measured in a direction
perpendicular to the plane of flow (perpendicularto plane of fig. 2).
The total rate of water interception is determined by the spacing of the
two trajectories that define the extent of impingement x~,m - x~,o, the

liquid-water content w, and the free-stream velocity U. For the basic
elbow the total rate of water interception can be calculated from the
information in figure 8 and the folhwhg relation:

WA= o.33(x~,m - x~,o )2Uw (9)

where U is in miles per hour and w is in grams per c@ie meter.
The total rate of wat& interception can also be determined from
collection efficiency E’ (fig. 8) and the follning relation:

where q,i -

q,i -3,0 =

w& = o.33E’(q,i - W,0)2UW

~ o is the width of the elbow entrance. Since

O.+918 for the basic elbow, equation (10) reduces

the

(lo)

to

(Xl)

The linesr parsmeter Z appears in equations (9), (10), and (II) in
order that W& have dimensions, and the depth in these equations is

measured in feet.

LocaJ rate of droplet impingement W‘. - A knowledge of the local

rate of droplet impingement is required in the design of certain types
of thermal anti-icing systems. This rate, which is defined as the amount
of water impinging per unit time per unit area of elbow surface, can be
determined by the following expression:

&~
w,
$ = o“s~~ = o.33uwp‘ (12)

(U iS in mph). The quantity O.33UW of equation (12) is the amount of
water entering the ellmw per unit t- per unit sxea, and the local ti-
pingement efficiency dx#dS or P‘ is proportional to the ratio of a

unit area at the entrance to the area of impingement on the wall of the
droplets that enter through the unit srea at the elbow entrance. The
values of p ‘ as function of S‘ for various combinations of K and
Reo are presented in figure 10. The values of P‘ were obtained by

graphically determintig the reciprocals of the slopes of the curves

—.
__. ._. ——. -. —
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presented in figure 6. The curves of figure 10 show that the maximum
.

value of p’, and therefore the maximum local rate of droplet impingement
W#, occurs between S‘ = 3 and S‘ = 5 for all combinations of values .

of K and Reo studied.

The dashed lines in figure 10 are the limits in S of the impinge-
ment area, and ~‘ is zero for any ccmibinationof K, Reo, and S that

f@ beyond this llmit. For some conibinationsof K and Reo (e.g.,

K = 1, Reo = 128, ftg. 1O(C)), the p‘ curves do not meet this limit %

within the eIbow (S = 6.46). In these cases, @@3-nt occurs through- %

oti the entire length of the elbow and may extend into a straight duct
attached to the tit. The value of ~’ and the maximum extent of im-
pingement in the straight duct can be est-ted by extrapolating the
curves of figure 10 %eyond S = 6.46 until ~~ = O. The Mgest Mue
that ~‘ may have at the exit of the elhw for any conibinationof values
of K and ReO is determined by the dashed line and is a~roxhately
0.08. Thus, for any point beyond the exit on the wall of a straight
duct, the values of f3’ will be less than 0.0!3.

Supplemsntsry Elbows

In some applications, supplementary elbows, which may be derived
from the flw field of the basic elbow by selecting any pair of stream-
lines aa walls, may be more desirable than the basic elbow. Therefore,
droplet hpingement data for them are desirable and may be determined
from the series of droplet trajectories calctited for the various com-
binations of K and Reo for the basic elbow. However, the presenta-

tion of the impingement characteristicsfor all possible supplementary
elbows in the same reamer as for the basic elbows is impracticalbecause
of the Mnitless ntier of elbows possible. During amysis of the im-
P_nt ~ta for supplment~ elbows, it was &Lscovered that certain
relatio~ were valid along Mnes of constant S, so that all the impor-
tant characteristicsrewed to caltiate the etient, the rate, and the
distribution of imphgement could be determined for any supple~ntary
elbow from those for the %asic elbow by equations that contain empirically
determined coefficients. In these equations, +,., which iS dd~d

by the streamline choBen for the outside wall, is an independent varisble.
A supplementary elbow may be formed from the basic elbcrwby choosing other
streamlines for either the outside wall or the inside wall or both. The
empirimEl eqmtions are, however, either independent of the inside wall
~,i or depend on it O* h the form ~,i - ~,o, the entrance width.

m value of x~,i does, nevertheless, establish a limit to the range
within which the eqwtions are valid for the elbow chosen.
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l&Cbnum extent of impingement ~. - Curves of S as a f~ction of

similar to those of figure 6 for the basic elbow, can be obtained

any s~plementary elbow by the following empirical equation:

(Xd)s = a (~,. - 0.0218)

where

(Xd)s abscissa of droplet at elbow entrance
of supplementary elbow at distance

+ (XJ)S (13)

hpipging on outside walJ
S from entrance

( )s denotes that value for S for Xd is same as that for xi

a empirical coefficient, function of S, K, and Reo (fig. Il.)

9,0 abscissa at elbow entrance of streamline designated as outside

0.0218 constant, abscissa at entrance of outside wail of basic elbow

(X;)s abscissa at elbow entrance of droplet impinging on outside wall
of basic elbow at distance S from entrance (fig. 6)

The values of K and Reo that apply to (~)s are the same as those

for (x~)s. For some conibinationsof S, K, and Reo, eqya.tion(13) will

give values of ~ Mger than ~,~, the inside walJ of the sup-@emen-

tary elbow. In this case, all the droplets that enter the elbow impinge
qpon the outside wall. As an example of the use of eqyation (13),
assume that it is desired to find ~ of a droplet that impinges at

s = 3.0 on the streamline $ = I-r2U/4(x~,o = 0.4191 from table II and

eq. (6)), designated as outside wall for K = 1 and Reo = 32. From fig-
ure 6(b) at S = 3.0, xi = 0.142 and from figure n(b) a = 1.502. Sub-
stitution of these values into equation (13) gives

(xd)300=l.502 (004191 - 0.0218) +0.142= ().739

CUrveS of S as a f~CtiOn of xd for a supplementary elbow, sim-

ilar to those of figure 6 for the basic elbow, are obtained from equa-
tion (13). The range over which values of S maybe selected depends
upon the particular streamline designated as the outside wall of the
supplementary elbow (see fig. 2). The range of S as a function of
~,. is presented in figure 12. After the curves of S as a function

of ~ are established for a particular supplementary elbow, the maxi-

mum extent of impingement ~ is found in the same manner as for the
basic elbow.

—— ——. .— . .
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Collection efficiency E. - The collection efficiency for smy sup-
plementary elbow can he calculated from the curves of S as a function
of ~ (as determined in the preceding section) by the foldowing equa-

tion:

‘d ,m ‘xdo

E = ~,i - ~,o
(14)

which is similsr to equation (7) for the basic elbow. However, an anal~
y&is of the hpingement data for the supplementary elbows showed that the

b
*

collection efficiency for any supplementary elbow could be determined a
N

from the collection efficiency E‘ for the basic elbow by the following
empirical equation:

q 0) +Y+%@- XJ,J
E=

X$,i - X$,o
(15)

where

El

W,i - %,0

r

%-,0 - %0

3,0

x$,i - ~,o

collection efficiency of basic elbow for given conibination
of K and ReO

entrance width of basic elbow, equal to 0.7918

empirical coefficient, function of K and ReO (fig. 13)

difference in abscissa of outside walls of supplementary
and basic elbow

0.0218

entrance width of supplementary

.-

elbow

Stistitution of the appropriate values for the basic elbow in equation
(15) gives

—

0.7918E’ +T(% o - 0.0218)
E=

q,i - xl#,o
(16)

As an example of the use of equation (16), ass~e that the collection
efficiency for a supplementary elbow defined by ~,. = 0.2 and

~,i = 0.8 is destiedfcm K = 1 and ReO = 128. From figure 9,
E! = 0.484 for the basic elbow, and from figure 13, y = 0.715. Substi-
tution of these values in eqyation (16) gives

.

— —
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In
be

~ = 0.7918(0.484) + 0.715(0.2 - 0.0218)
0.6

= 0.851

some cases the collection efficiency as given by eqwtion (16) wiU
greater than unity. In this case, all the droplets that enter the

elbow impinge upon the outside wall fiead of the exit, and the collec-
tion efficiency is assumed to be unity.

Rate of water interception Wm. - The total rate of water intercep-

tion per unit depth for a supplementary elbow canbe obtained from the
following equation, which is identical in form to equation (10) for the
basic elbow:

in which

E

‘*ji - ‘$,0

u

w

Wm = oo33E(~,~ - ~,o)luw

collection efficiency for
byeq. (16))

entrance width

free-stream velocity, mph

supplementary

liquid-water content, g/cu m

(17)

elbow (determined

Local rate of droplet impingement W6. - The local rate of droplet

impingement for a supplementaryelbow can”be determinedly

W$ =
‘id

0.33UW ~ = 0.33UW$ (18)

which is identical in form to equation (12) for the basic elbow. The
values of the local impingement efficiency ~ as a function of S may
be determined by two methods. The first method is identical to the pro-
cedure for the basic elbow. Curves of S as a function of ~ are

established by equation (13) for a particular supplementary elbow and
values of K and ReO. The reciprocal of the slopes of these curves is
equal to ~. The second nethod is based upon the definition of the local
impingement efficiency

(19)

—.—— ——. .—— -–——
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and eqyation (13):

(xd)S = ~(xv,o - 0.0218) + (x&)S

Differentiating equation (13) with respect to S gives

where

dal
Z3 derivative of a curves (fig. I-1)

%$-,0 abscissa of outside wall of supplementary elbow at entrance

@r&
— equal to ~’ for basic ell@w at given value of

as
s (fig. 10)

and ecpation (20) maybe written

(21)

Values Of du/dS as a function of S for vsrious values of K and ReO

are presented in figure 14. These values were determined graphically
from the data of figure I.lo

The values of K smd Reo that apply to 13 are the same as those

for B‘. As an example of the use of equation (21), assume that ~ is
reqtied at S = 3.0 for a supplementary elbow, the outside wall of
which is defined by X*,O = 0.2, and K and ReO sxe equal to 1 and 32,

respectively. lRromfigure 14(b), da/dS = 0.345 at S = 3.0, and from
figure 10(b] F‘ = 0.152 SO that

B = 0.345(0.2 - 0.0218) + 0.152 = 0.213

Some caution must be exercised in using equation (18), because
values of the local rate of impingement may be calculated for a supple-
mentary elbow that are correct but may or may not actuklly exist, depend-
ing upon which streamline is selected as the inside wall of the elbow.
The inside wall for some values of K and Reo determines the maximum

extent of impingement ~. Therefore eqmtion (18) should be used in
conjunction tith the ~ extent of impingement ~ when calculating



NACA TN 2999 17

\

~ or WP for a particdar supplementary elbow; p and WP are both

zero for distances greater than Sm. -

IMPINGEMENT IN C!LOUDSOF NONUNIFORMDR~L3?T SIZE ‘

The impingement data and eqyations presented in the preceding sec-
tions, by which the extent, the rate, and the distribution of droplet
impingement can be determined for the basic and supplementary elllmws,
apply directly to clouds composed of droplets of uniform size. Clouds,
however, are not necessarily composed of droplets of uniform size but
may have a large range of droplet size. For clou&! composed of droplets
of nonuniform size, the maximum extent of impingement for elbows is de-
termined by the smallest droplet size present in the cloud. (This is in
contrast to the situation-involvingexternal aerodynamics or flow around
a wing or other body, where the largest droplet determines the maxhum
extent of @pingement. ) In order to determine the total and local rates
of droplet impingementby equations (10) or (17) and (12) or (18), re-
spectively, for clouds composed of droplets of nonuniform size, the col-
lection efficiency and the local impingement efficiency must be modified.
These modified values can be obtained for a given droplet-size distribu-
tion pattern by weighting the values of these two quantities for a given
size according to the a&mmt of liquid water contained in the given drop-
let size. A detailed procedure for determining a weighted collection
efficiency for a given droplet-size distribution pattern is presented in
reference 4. A shilsr procedure can
local hpingement efficiency.

CONCLUDING

The special 90° elbows for which

be used to determine a weighted

droplet impingement data are pre-
sented in this report sre suitable for use in aircraft air-intake ducts
and as droplet inertia separators. For droplet inertia separators, it
may be necessary to conibinetwo or more elbows so as to produce a turn
of 180° or mme in order to obtain satisfactory separation of droplets
from the ah. The impinge~nt data for supplementary elbows defined by
streamlines near the inside wall of the basic elbow can probably be used
to approximate droplet impingement in conventional elbows with long
radii of curvatuxe, because streamlines in this region we approximately
equidistant apart at all points throughout the elbow (see figs. 2 and 4
and table II).

The maximum extent of impingement for these elbows varies directly
with the free-stream Reynolds nuuiberand inversely with inertia param-
eter. In contrast to airfoils, the maximum extent of impingement vsries
inversely with droplet size. For a given value of free-stresm Reynolds

-4
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number, the collection efficiency for the basic elbow increases with in-
creasing values of inertia parameter until all droplets that enter the
elbow impinge upon the outside waX1. The value of inertia parameter for
which the collection efficiency becomes unity increases with increasing
values of free-stream Reynolds number. The length of the outside walJ-
of the basic elbow is 6.46 S units (distance from entrance), and the msx-
hum local.rate of droplet impingement occurs between S = 3 and S = 5
for all investigated conibinationsof free-stream Reynolds nwiber and in-
ertia parameter.

The use of elbows and bends designed according to potential theory
for aircraft ducts and inlets has two advantages: The pressure losses
are much less than those for conventional elbows or any arbitrary bend;
and droplet trajectories with respect to the elbow are obtainable, since
the air-flow field is easily established by potential theory. Elbows de-
signed for potential flow need not be restricted to symmetrical 90°
bends, for potential functions exist by which elbows with various sizes,
odd shapes and angles of bend, and ~ferent entrance and exit cross-
sectional areas can be designed.

G
co
c-u

Lewis Flight ?ropulsion Laboratory
National Advisory Committee for Aeronautics

Clevehnd, Ohio, July 9, 1953
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APPENDIX A

SYM801S

The following symbols are used in this report:

a droplet radius, ft

CD drag coefficient for dropl{!ts,dimensionless

d droplet diameter, microns (3.28X10-6 ft)

E collection efficiency, ratio of amount of water impinging within
elbw to amount of water entering elbow, dimensionless

i imaginary number, cl

K
2 %P2U

inertia parameter, ~ ~, where U is in ft/see, dimensionless

L width of basic elbow at entrance, f12/4,ft

2 arbitrary length, proportional to size-of elbow, ft

Re local Reynolds mmiber with respect to droplet, 2apa~/V, @nsion-

less

ReO free-stream Reynolds nuder with respect to droplet> 2aPaU/p
.

s distance along outside wall of elbow, measured from entrance,
ratio to Z, tthnensionless

Sm maximum extent of impingement

t time, sec

u free-stream or entrance velocity, qh or ft/sec as noted

.

u local ah velocity, ratio to U, dimensionless

v local droplet velocity, ratio to U, dimensionless

v -t~e of loc~ vector mf=ence between droplet and air veloc-
ity, ft/sec

__ .-. —.-—— --



rate of water impingement
of elbow, lb/(hr)(ft of

NACA TN 2999

on total elbow surface per unit depth
depth)

local rate of water impingement on elbow surface, lb/(hr)(sqft)

liquid-water content of cloud, g/cu m

rectangular coordinates, ratio to 2, dimensionless

abscissa at elbaw entrance of any droplet trajectory, dimension-
less

maximum value of abscissa at elbow entrance of droplet tra~ec-
tory that intersects or is tangent to streamline designated as
outside wall of elbow, &hnensionless

minimum value of abscissa at elbow entrance of droplet trajec-
tory (has same value as ~,o), dimensionless

abscissa at elbow entrance of
dimensionlesss

abscissa at elbow entrance of
wall, dimensionless

abscissa at elbow entrance of
waX1.,dimensionless

any ati streamline inside elbow,

streamline designated as inside

streamline designated as outside

empirical coefficient, dimensionless

local impingement efficiency, dimensionless

empirical coefficient, dimensionless

complex number, ~ = \ + iq

angle made by wall of elbow and plane of flow field

viscosity of air, slugs/(ft)(sec)

rectmgular coordinates, ft

density, slugs/cu ft

time psmmeter tU/Z, dimensionless

velocity potential

.

———. .—
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v stream function

a complex potential, m = g + i~

Stiscripts:

a air

s constant distance from elbow entrance

w water

x horizontal component

Y vertical component

~ vertical component

E horizontal component

Superscript:

I refers to
3fizu/8

basic elbow defined by streamlines $ = I-rZU/8and

. —. —
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APPEND2Z B

SEIJKXION OF CCM!?LEXPOTENTIAL FUNCTION FCR DESIGN Cl?90°

ELBCWANDC AiXUIATION QF FL(YJFIELD

The 90° elbows for which droplet impingement data are presented in
the body of the report were designed by selecting as walls of an elbow
two streamlines of a two-dimensional incompressibleflow field established
by a complex potential function. This function, which nearly satisfies
all the’criteria outlined in the ANALYSIS for a 90° elbow, is discussed
in references 13 and 14. It can be expressed in the folLowing form:

e(i+l)c/2 = e(i+l)@u+e (i-l)o/2u (5)

where

~-l

~+iq

linear parameter proportional to size of elbow

V+i$

constant, velocity of uniform stream at infinity before and after
bend

velocity potential

stresm function

.

Calculation of Streamlines

Parametric eqmtions for the flow streamlines are obtained from
eqwtion (5) by separating and equating the real and hnaginary parts of
the ~ function to the real and imaginary parts of the (o function.
The resuits of this procedure sre:

1

— —--—
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( L
b; arc tall cot2U

)

+ cot ~ tanh ~

.ot~cot~.tti~ +

o+’~)l (Bl)

and

When mapping a streamline (* = constant) in the ~,q-plane by equations
(Bl) and (B2), the velocity potential ~ is considered as a variable
parameter. Aportion of the streamline pattern givenby equations (Bl)
and (B2) is presented in figure 1.

Velocity Calculations

Parametric equations for determining the velocity components of the
flow field are obtainedby differentiating equation (5) with respect to
~ and separating the real and haginary parts. The real part is eqw

to the ~-component of velocity and the imaginary part is the ~-component
of velocity. The results of this procedure are

sinh ~ + sin w= + Cos a~ + cosh
~

ll~=u (B3)
2cosh~+2sin~

and

(B4)

— .—
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When the velocity components we
(~= constant) by equations (B3)

NACA TN 2999

determined along a streamline
and (B4), the velocity potential q is

considered as a variable parsmeter. The resultant local
a point in the flow field is given by

Walls and Ends of Elbow

It can be shown (ref. 13) that the flow between the
*= Yc2U/8 and 3xZU/8 (indicatedby heavy Mnes in fig.

velocity u at .

N
m@
-1

(B5)

two streamlines
1) satisfies

h the’criteria for-an-elbow outli~d in-the body of ~he report. There-
fore, these two streamlineswere selected as wtis of the basic elbow for
this study.

The first criterion is strictly fulfilled only at infinity, as the
stream before and after the bend rapidly approaches umlform and recti-
linear motion asymptotically. Therefore, the ends of the elbow maybe
selected at some reasonable distance before and after the bend without
serious error. For this droplet impingement study, ~= 31’c2/4and
? = -3f12/4(indicatedby dashed lines in fig. 1) were selected as the
ends of the elbow. At the intersection of ~ = 3fi2/4 and the streamline
~= flZU/8,the ~ and q components of velocity u ~ and ~ sre eqxal

to 0.9999U and 0.01280U, respectively, where U is the velocity of the
stream at infinity (free-streamvelocity). At the intersection of
~ = 3Yc2/4 and the streamline ~ = 3fiZU/8,the velocity components u~

and U~ are equal to 0.98738U and 0.00008Ut respectively. Since the
flow is symmetric with respect to the bisector of the angle of bend
(line AO, fig. 1), the velocity components at the correspondingpoints
at the other end of the elbow are identical, except that the ~ and ~
components are reversed. The error unassuming that the flow between
streamlines ~ = YcZU/8 and 3YcZU/8 is urdform and rectilinear with
free-stresm velocity U at ~ = 3YcZ/4 and ~ = -31-rZ/4is approx~tely
1 percent.

Since the flow between the streamlines $ = YtZU/8 and 3JcZU/8
satisfies the ass-d criteria for the design of an elbow, any pair of
streamlinesbetween these two streamlines may also be selected as the
walls of an elbow. However, an elbow definedby the two basic stream-
lines is probably the most practical elbow tith respect to width of en-
trance and turning radius, as willbe discussed in the next section.

.

.
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Relation Between

The linesr parameter 2 of the

25

7 and Elb~ Size

complex potential function (eq. (5))
is related to the size of the elbow through two quantities: the width
of the entrance and a quntity that may be regsrded as the turning radius
of the elbow. The relations between the coordinates and the stream func-
tion $ at infinity are

and

I&om which the spacing of
at infinity. For exsmple,

~=~for f
.= (B6)

$for?pmCu=-- (B7)

streamlines (width of elbow) can he determined
for the basic elbow defined by ~ = filU/8

and 3fi2U/8,the width of the elbow at q = - @ is Yc2/4. The ~or in
elbow entrance width caused by terminating the basic elbow at f= 3Yrz/4
and q = -3Yf2/4(fig. 1) and assuming that the elbow entrance width is
Yr2/4 is less than 1 percent, because the streamlinesbetween these
points and infinity are almost parallel to each other and to the coordi-
nate sxis. Since this error is small, eqyations (B6) and (B7) canbe
used to find the approximate width of the basic elbow and all supple-
mentary elbows defined by other pairs of streamlines.

(31TZ 31fl
)

The point A ~, - ~ in figure 1 maybe regarded as the cen-

ter of turning of the basic elbow or any supplementary elbow. A radius
of turning of an elbow wall or any streamline maybe defined as the dis-
tance from point A, measured slong the lines defined by the ends of the
elbow, to the elbow wall or the streamline. The radius of turning for a
particular wall or streamline is porportional to 2 and is determined
by adding 3fi2/4 to the distance between the wall or streamline and the

[
- or ~-axis. This distance canbe approximatedby equations (B6) or
B7). For exqple, for the basic elbow, the average radius of turning
maybe defined as the distance from point A (fi . 1) to the midpoint of
the entrance, point B. ?The streamline V = nZU 4 defines the midpoint
of the entrance. The distance between this point and the q-axis is
approximately YrZ/4(from eq. (B7)), and the average radius of turning
for the basic elbow is approxhnately ,

3YC2 7(2
T ‘r’fiz (B8)

, —_——
————..———
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Inasmuch as the width of an elbow at the entrance and the radius of
turning are both proportional to 2, the basic eIbow is probably the most
practical elbow, because for a given entrance width (physical units such
as ft) the turning radius is smaller for this elbow than for any elbow
defined by a pair of stre~es between ~ = YcZU/8 and .3YcZU/8.

Elbow Cross Sections

An elbow with any entrance cross-section configuration that satis-
fies all the criteria outlined in the body of this report maybe designed
by the use of equations (Bl) and (B2). The only conditions to be satis-
fied are that those streamlines forming the walls of the elbow at the
entrance must remain on the walls throughout the eIbow and must be iden-
tical to or intermediate to those defining the basic elbow. For an elbow
with a rectangular entrance cross section, the cross sections at all
points along the elbow are rectangular. However, the width of the elbow
changes while the depth remains constant. For an elbow with a cfiem
entrance cross section, the cross sections change to egg-shaped in the
center of the elbow. The depth, however, remains constant throughout the
elbow. Some typical cross sections are presented in figure 4 for a rec-
tangular and a circulsr elbow entrance. The wa~s for the rectangular
elbow and the circular elbow at the maximum diameter are defined by the
streamlines V = fi2U/8 and 3Yc2U/8(basic elbow walls). The cross sec-
tions presented in figure 4 sre normal cross sections, that is, perpen-
diculsx to the streamlines, or along constant velocity potential surfaces
(cp= constant in eqs. (Bl) and (B2)).

Elbow and Flow Field in Dimensionless Form

For droplet impingement studies for airfoils and other aircraft com-
ponents, it is convenient to express the results in terms of dimension-
less parameters, so that the resuJ-tswy apply to a tide r-e of flight
and meteorological conditions as weKl as a wide range of size of airfoils
and components (refs. 2 and 4). In order to obtain the impingement re-
sults in terms of dimensionlessparameters by analog computer technique,
the aircraft component and the flow field must be expressed in terms of
dimensionless parameters. This necessity is met for atrfoils by expres-
sing all distances as ratios to chord length and all velocities as
ratios to free-stream velocity. The elbow and its velocity field can be
expressed in dimensionless form by expressing distances as ratios to the
arbitrary length Z and velocities as ratios to the free-stresm veloc-
ity U; thus, for the elbow walls and intermediate streamlines, both
sides of equations (Bl) and (B2) are dividedby 2, and for the flow
field, both sides of equations (B3) and (B4) are dividedby the free-
stream velocity U.
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The basic elbow and some typical streamlines are presented in
tehms of dimensionless coordinates in graphical form in figure 2 and in
tabular form in table II. In figure 2 the origin of the coordinate
system was so translated that the elbow is entirely in the first quadrant.
The translation of the origin was made in order to facilitate trajectory
calculation by the mechanical analog computer. The relations between x
and y of figure 2 and ~ and v of figure 1 “&e

and (6)

The velocity field for the basic elbow is presented in figure 3.
Figure 3(a) gives the x-component of velocity ~ as a function of x

for constant values of y, and figure 3(b) gives the y-component of veloc-
ity Uy as a function of y for constant values of x. The component

velocities Ux and ~ are dhensionless and.are eqyal to u~/U and

d
U, respectively. A comparison of figures 3(a) and (b) shows that the

velocity field is symmetrical with respect to the bisector of the angle
of bend of the elbow, since for comparable points before and after the
bend the x- and y-components are identical except for being inter-
changed.

The coordinates, the velocity components, and the distance from
entrance of points along a streamline are given in table II in dimen-
sionless form as functions of cp/2U,the variable parameter of equa-
tions (Bl) to (B4).

—
—.
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APPENDIX c
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.

METHOD OF DRDHMUDN G IMPINGEMENT CHARACTERISTICS OF ELBOWS

WITH NONRECTANGUIAR ENTRANCE CROSS SECTIONS

The impingement in elbows with nonrectangular entrance cross sec-
tions can be determined approximately from the results presented in the
body of the report for rectangular elbows. me nonrect~ elbow
section can be approximated by a series of rectangular elbows, as shown
by the dashed lines in figure 4(b). The accuracy with which the impinge-
ment characteristics can be determined depends upon the number of small
rectangular elbows used to approximate the nonrectangular cross section.

The extent of impingement, the collection efficiency, the total
rate of water interception, and the local rate of droplet impingement
can be determined for each of the sma13.rectangular elbows from the re-
sults for the basic and supplementary elbows. The impingement charac-
teristics of the entire elbow are obtained from those for the individual
small rectangular elbows in the following manner:

Eb&ent of Impingement

A curve representing the msximum extent of impingement on the wall
of a nonrectangular elbow can be plotted by spotting points, which repre-
sent the msxlmum extent of impingement for each small rectangdar elbow,
on the wall of the elbow.

Collection

The collection efficiency for a
mined by the following expression:

Efficiency

nonrectangular elbow can be deter-

where

n nuniberof small rec tanguhr elbows into which large
elbow is divided

nonrectangular

‘J area at entrance of each small rectangular elbow

—



TN 2999 29

.

NACA

A

‘3

area of entrance cross section of nonrectangulsr elbow

collection efficiency of each small rectangular elbow

The collection efficiency Ej for each small rectangular elbow is ob-

tained from results for the basic and supplementary elbows.

the

Total Rate of Water Interception

The total rate of water interception for a nonrectangular elbow is
sum of the total rates of water interception for the sm@ rectangn-
elbows. The rates of water interception for the small rectangular

eIbows can be found by equations (n) o= (17) or both. Equations (Xl)
and (17) give the rate of water interception per unit depth for rectangu-
lxm elbows. Therefore, for each small rectangular elbow the quantity
given by equations (n) and (17) must be multiplied by the depth of smalll
rectangular elbow in feet before the sumation is made to find the total
rate of water interception for the nonrectangular e130w.

Local Rate of Droplet Impingement

The local rate of droplet impingement for elbows with nonrectangu-
lar entrances canbe determined by equations (12) or (18) or both for
basic and supplementary elbows by replacing f3’ and f3 with ~’ sin 19
and ~ sin 9, respectively. The local impingement efficiency ~’ or ~
was determined for elbow walls that are perpendicular to the plane of the
flow field. For elbows with nonrectangulsr entrances, the wsXls are not
necessarily perpendicular to the plane of the flow field but may make an
angle e (fig. 4). Therefore, when calculating the local rate of droplet
impingement for an elbow with a nonrectangular entrance, the factor
sin 19 accounts for the fact that the mea of hpingement for droplets
entering the elbow through a unit area is increased when the wail makes
an angle with the plane of the flow field. The angle 13 is the angle
between the plane of the flow field and a line tangent to the elbow sur-
face and perpendicular to the air streamline at the point on the wall
where the local.rate of droplet impingement is being determined. This
angle canbe determined graphically from elbow cross sections as shown
in figure 4(b) for point A for cross section E-F. The cross sections
(fig. 4), except those for the entrance, are along surfaces perpendicular
to the air streamlines, that is, along surfaces where the velocity poten-
tial ~ of equations (Bl) and (B2) is constant. In figure 4(b), sec-
tion E-F, line AB is parallel to the plane of the flow field, line AC is
tangent to the elbow wall at point A, and 13 is the angle between lines
AB andAC. Inasmuch as the local impingement factor f3 of equations
(12) and (18) is given in figure 10 as a function of S and the angle G

. .———
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is .determiuedon surfaces of constant velocity potential ~, relations
between q. and S for various streamlines are required in order to de-
termine the local rate of droplet impingement at a particular point on
the wall of a nonrectangular elbow. These relations canbe established
from the data presented in table 11.
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TABLE I. - -PLES OF INERTIA P~ ~ FREE-STREAM ~OLUl NCM8KR ~ TERMS OF W~ OP

BASIC KLBOW, H-STREAM VELOCITY, AIR DENSITY, AIR VISCOSITY, ~ DROPLET DIM!XTER

!lbow Arbi- Free- PreB- Mr Temper- Mr
ridth, trary

Doplet Inertia Free- MeXlmm Colleo-
,9tream sure density, atu~e, Vlacoslty, tiame- param- streem

L, length or en- altl-
extent tion

pa* ter, cl,eter,
ft

Reynolds of lm- ef~l-
param- tranae tide,

ft %% *
mlorons K number, pinge- oiency

eter, veloo-
t,

seo Reo ment for
ity, u, for bsslo

ft mph basic elbow,
elbow, El
s&

0.5 0.6366 200 10 )U03 o.oo1766 12

.5
34.54 xlo-8 10 0.1549 6.46 0.09

.6366 200 10 .001756 12 34.54
.5

.9676 1?2:: 6.46 .48

.6366 2Q0 30 .000889 -39 31.43 R .1704

.5

27.2 6.46 .11

.6366 200 30 .000889 -39 31.43

,5

25 1.0650 68.1 6.46 .64

.6366 5oi) 10 .001756 12 34.54 10 .3872 122.5 6.46

.5
.20

.6366 5c0 10 .001756 12

.5
34.54 25

.6366 500 30
2.4180 305.8 6.46 .88

.~889 -39

.5
31.43 10

.6366

.4260 68.1 6.46 .24
500 30 .000889 -39 31.43 25

1.0
2.6625 170.2 5.75 1.00

1.2732 230 10 .001756 12 34.54 10 .0774

1.0

48.9 6.46 .04

1.2732 200 10 .001756 12 34.54 .4838 122.3

1.0

6.46 .25
1.2732 m 30 .000889 -39 31.43 :: .0852 27.2 6.46 .05

1.2732 So 30 .0G0889 -39 31.43

M

.5335 68.1 6.46 .30
1.2732 500 10 .001756 12 34.54 H .1936

1.0
122.3 6.46 .10

1.2732 500 10 .001756 12 34.54 25 1.2090

1.0

305.8 6.46 .44
1.2732 500 so .000889 -39 31.43 10

1.0
.2130 60.1 6.46 .12

1.2732 500 30 .000889 -39 31.43 25 1.3312 170.2 6.48 .57
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1.997m .47.622.99477 .02427 4.5n
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nf%

2.s6s19
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,1.782S7
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Entrance Line C-D, fig. 2
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Figure 4. - Typloal crose aeotlone of elbows.with rectangular and circular entranccm.

Values shown are for etream function t.
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Figure 10. - Local h@n&ment efficiency for basic elbow.
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Figure 11. - E2npirical coefficient for equation (13) as function of distance
along outside wall of supplementary elbow.
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